The paired analyses of the Mg/Ca ratio and oxygen isotopic composition (δ 18 O c ) of surface-dwelling planktonic foraminifera have become a widely used method for reconstructing the oxygen isotopic composition of ambient seawater (δ 18 O sw ) as a robust proxy for surface salinity. Globigerinoides ruber (G. ruber) is a mixed-layer dweller, and its fossil shell is an ideal archive for recording past sea surface water conditions, such as those caused by variability in the East Asian summer monsoon (EASM). Here, we investigate the validity of shell-derived δ 18 O sw estimates for G. ruber using core-top sediments from the East China Sea (ECS). First, we determined a local δ . There was not a significant relationship between the salinity and Ba/Ca G. ruber ratios due to the highly variable Ba/Ca G. ruber data. Given the seawater Ba/Ca data and the published partition coefficient for Ba (D Ba = 0.15-0.22), pristine Ba/Ca G. ruber ratios at northern Okinawa Trough sites should be less than 0.84 μmol mol ) might be attributable to contamination by sedimentary barite adherent on fossil shells. Therefore, further evaluation of the Ba/Ca G. ruber ratio as a paleo-salinity proxy requires diethylene triamine pentaacetic acid (DTPA)-cleaned Ba/Ca data that can minimize the influence of barite contamination.
Background
An East Asian summer monsoon (EASM) precipitation zone is formed by the convergence of a westerly flow to the north of the Tibetan Plateau and a southerly monsoon flow over eastern China, which gradually moves northward from South China and reaches northern China in late July (Qian and Lee 2000) . This EASM precipitation has caused anomalous climatic events (both wet and dry) on an inter-decadal scale, influencing the agricultural production and economy in Asia (Wang 2006) . Paleoclimate records show that anomalous dry periods, when summer monsoons weakened, caused crop failure and led to the collapse of some Chinese dynasties (Yancheva et al. 2007) . Therefore, EASM variability, its effect on remote areas, and the mechanisms behind this variability have been investigated intensively as important climate change issues (Wang et al. 2005; Chen et al. 2008; Wang et al. 2008; Chang et al. 2009; Liu et al. 2014) .
The EASM brings a large amount of precipitation to South China and the drainage area of the Changjiang River (Yangtze River) and induces a large influx of Changjiang River runoff to the East China Sea (ECS), forming Changjiang diluted water (CDW) in the Changjiang River Estuary (Zhang et al. 1990; Chen et al. 1994) (Fig. 1) . The CDW extends farther offshore, driven by the southerly and southwesterly monsoons from June to August, and advection of the CDW causes a significant decrease in the sea surface salinity (SSS) of the northern Okinawa Trough (Chang and Isobe 2003; Lee and Chao 2003) . Consequently, the northern Okinawa Trough is considered an oceanic area where EASMrelated variability in SSS can be seen (Chang and Isobe 2003) .
In such areas, the oxygen isotopic compositions of seawater ( (Ichikawa and Beardsley 2002) . Surface sediments were taken from HR11, MT5, HR9, HR6, HR2, and St.1. Locations for sediment core at KY, A7, 403, and 404 (Sun et al. 2005; Lin et al. 2006; Chen et al. 2010; Kubota et al. 2010 ) are also shown. CDW and YSCCW represent the Changjiang diluted water and Yellow Sea Central Cold Water, respectively. The bathymetric contours represent 100, 200, 300, 1000, 2000, and 3000 m of Mg/Ca temperatures and oxygen isotopes (δ 18 O c ) in the surface-dwelling foraminifera Globigerinoides ruber (G. ruber) to reconstruct EASM-related variability in SSS (Sun et al. 2005; Kubota et al. 2010) . However, δ 18 O sw estimates from paired analyses of Mg/Ca temperatures and δ 18 O c in planktonic foraminifera entail high levels of uncertainty (>0.2 ‰) due to the propagation error of δ 18 O c and Mg/Ca measurements and Mg/Catemperature calibration (Schmidt 1999; Rohling 2007) . Furthermore, the lack of a local δ 18 O sw -salinity equation causes additional uncertainties in salinity estimates calculated from δ 18 O sw values. Additionally, if the habitat of G. ruber shifts seasonally, independent of EASM variability, shell-derived δ 18 O sw estimates also change, and interpreting EASM variability will be complicated. Therefore, a reliable reconstruction of SSS with respect to EASM variability requires adequate Mg/Ca-temperature, δ
18
O c -temperature, and local δ 18 O sw -salinity calibration equations and an understanding of the habitat season and depth of G. ruber in the ECS.
In this study, we first derive a local δ 18 O sw -salinity equation for the northern Okinawa Trough to provide a basis for salinity estimates calculated from δ 18 O sw for G. ruber. Then, using ECS core-top sediments, we calculate the core-top δ 18 O sw from Mg/Ca ratios and δ 18 O c for G. ruber and compare them with the local δ 18 O sw -salinity line. We find that the Mg/Ca-temperature calibration by Hastings et al. (2001) and the δ 18 O c -temperature equation by Bemis et al. (1998) are appropriate for calculating δ 18 O sw in the ECS. Finally, we present the Ba/Ca ratios of G. ruber from ECS core-top sediments for the first time and discuss the possibility of using shell Ba/Ca ratios as an independent paleo-salinity proxy in the ECS.
Oceanographic setting
The ECS is a marginal sea in the northwestern Pacific bounded by China, Taiwan, Ryukyu Island, Kyushu, and the Korean Peninsula (Fig. 1) . The Yellow Sea is located in the northern part of the ECS, with most (>70 %) of both the Yellow Sea and ECS located above the continental shelf (<200 m water depth). The deep Okinawa Trough (~2000 m water depth) is a back-arc basin that occupies the remaining southeastern part of the ECS (Ichikawa and Beardsley 2002) .
The Yellow Sea and the ECS receive the saline and warm Kuroshio water that enters the ECS along the east of Taiwan and flows northeastward along the shelf slope in the ECS (Fig. 1) . The annual cycle of Kuroshio volume transport has an estimated maximum of 24 Sv (1 Sv = 1 × 10 6 m 3 s −1 ) in the summer and a minimum of 20 Sv in the autumn (Lee et al. 2001) . In addition, the Taiwan warm current (TWWC), which originates from the Kuroshio, flows into the ECS from the South China Sea (SCS) through the Taiwan Strait off western Taiwan, with an annual mean northward transport of 0.78 Sv (Jan et al. 2006; Zhang et al. 2014) (Fig. 1) . In the autumn and winter, Changjiang River runoff decreases (1.0 × 10 4 m 3 s −1
in January) (Yanagi 1994) , and the CDW flows southwestward along the Chinese coast as a narrow band; the saline water (>34) of Kuroshio origin enters the Yellow Sea (Chang and Isobe 2003) . However, during the summer, when the Changjiang River supplies a large amount of freshwater to the ECS (4.8 × 10 4 m 3 s −1 in July) (Yanagi 1994) , the CDW starts to extend offshore and spread east-and northeastward. Then, the eastwardflowing CDW mixes with the TWWC and the Kuroshio water in the southern and eastern parts of the ECS, respectively (Chang and Isobe 2003) (Fig. 2a) .
Since the annually averaged precipitation and evaporation are near equilibrium in the ECS and Yellow Sea and the Changjiang River runoff accounts for 90 % of the total river discharge (with an annual mean of~3.0 × 10 4 m 3 s −1 ), the Changjiang River discharge is considered the dominant freshwater source in the ECS (Beardsley et al. 1985; Chen et al. 1994; Yanagi 1994 ). This Changjiang River water extends offshore, and therefore, the water mass characteristics of the offshore ECS can be roughly described by the binary mixing of the cooler, less saline CDW and the warmer, more saline Kuroshio water (Zhang et al. 1990; Ichikawa and Beardsley 2002; Zhang et al. 2007 ). In contrast, there are other local water masses in the coastal ECS and the Yellow Sea, such as the TWWC and the Yellow Sea Central Cold Water (YSCCW) (Fig. 1) . Therefore, the water mass characteristics and δ
18
O sw -salinity relationships of the coastal ECS are more complicated than those of the offshore ECS, as discussed in a later section.
The northern Okinawa Trough, which is the main focus of this study, shows distinct seasonal changes in SSS (e.g., site HR11, SSS = 33.2-34.7) due to the advection of the CDW, in comparison with the central Okinawa Trough (e.g., site HR2, SSS = 34.4-34.8) (Figs. 1  and 2a ). Sea surface temperature (SST) distribution also varies seasonally owing to monsoonal winds (Lee and Chao 2003) . The climatological mean annual SST is 22.2°C near site HR11 in the northern Okinawa Trough, with a maximum in August (28.1°C) and a minimum in February (17.5°C). In the central Okinawa Trough, the mean annual SST is 25.0°C near site HR2, with a maximum in August (28.9°C) and a minimum in February (21.5°C) (Japan Oceanographic Data Center (JODC), available at http://www.jodc.go.jp/).
Methods

Seawater and sediment samples
Seawater samples were collected using a CTD (conductivity, temperature, and depth) Carousel multisampling system (Sea-Bird, model SBE 9plus) during the KH-13-4 cruise in early July 2013 (R/V Hakuho Maru) ( Table 1) . The CTD system has 24 attached Niskin bottles, each with a volume of 12 L. Subsurface seawater samples were taken with the Niskin bottles, and surface water samples were taken using a bucket (~0 m depth) or pumped from below the ship (~5 m depth). All seawater samples were transferred into glass vials for salinity and δ 18 O sw measurements, and the samples for the δ 18 O sw measurements were stored at 4°C until laboratory analysis. Salinity was measured with an onboard Autosal laboratory salinometer (Model 8400B, Guildline Instruments Ltd., Canada) and is reported using the practical salinity scale. Sampling vials for salinity were prepared according to Joint Global Ocean Flux Study (JGOFS) protocols. The Autosal was standardized using International Association for the Physical Sciences of the Oceans (IAPSO) standard seawater.
Three sampling stations (YS1-3) are located in the southwest area off the Korean Peninsula, and 19 other stations (MT, HR, and SSW sites) are located in the continental shelf slope area of the ECS and in the Pacific Ocean (Fig. 1) . We report salinity and δ
18
O sw data from these stations, and the vertical profiles of both datasets were obtained for nine stations ( Fig. 1 and Table 1 ). Surface sediment samples were taken by a multiple corer at six sites along the central to northern parts of the Okinawa Trough from water depths of 709 to 1675 m during the KH-13-4 and KT-12-25 cruises ( Fig. 1 and Table 2 ). Sediment samples were subsampled onboard with a 1 cm resolution and stored in a refrigerator until analysis in the laboratory.
The lithology of the sediment cores (~30 cm core length) was characterized as foraminifer-bearing silty clay or clayey silt with no visible turbidities or erosional surfaces. In general, the central to northern parts of the Okinawa Trough preserve thick late Holocene sediments due to their high sedimentation rates (10-50 cm kyr −1 ), except in shelf slope regions (Ujiié et al. 2003; Sun et al. 2005; Kubota et al. 2010) . All core-top δ 18 O c values of G. ruber were isotopically lighter than −2.0 ‰, which is consistent with the late Holocene values in the central to northern Okinawa Trough (Table 2) (Sun et al. 2005; Kubota et al. 2010) . Therefore, we conclude that the core-top sediments used in this study represent at least late Holocene sediments. Site HR2 was located at a depth below the present calcite saturation horizon (CSH) in the ECS (~1600 m) (Fig. 6a) . The Mg/Ca ratios from this site should be treated with caution regarding the partial dissolution of G. ruber shells, which will be discussed in a later section. (Zweng et al. 2013) . Circles represent locations for surface seawater samples (see Fig. 1 (Epstein and Mayeda 1953 (Boyle and Keigwin 1985; Rosenthal et al. 1997) . In brief, samples underwent a multistep process consisting of initial rinses in ultrapure water and methanol, followed by treatments with hot reducing and oxidizing solutions, transferred into new acid-leached microcentrifuge tubes (1.5 mL), and finally leached with a dilute ultrapure nitric acid solution (0.001 M HNO 3 , TAMAPURE-AA-100 from Tama Chemicals, Ltd.). The sample solution was then dissolved with a Sc-spiked O sw values. Surface water properties in the northern part of the Okinawa Trough can be explained by isopycnal mixing with the CDW and Kuroshio surface water. The potential density curves (σ θ = 19-27) are also shown. The T-S diagram was made using Ocean Data View (Schlitzer R, Ocean Data View, http://odv.awi. de, 2014) dilute ultrapure nitric acid solution (2 % HNO 3 ) to obtain a Ca concentration of 10 ± 1 μg g −1 . All clean work was conducted in laminar flow benches or a clean room under trace metal clean conditions.
Analysis
The metal/Ca ratio was determined with a Thermo Scientific ELEMENT 2 sector field inductively coupled plasma mass spectrometer (ICP-MS) at the University of Toyama, operated in a low-resolution mode (m/Δm = 300) (Marchitto 2006 Mn to monitor contamination by clay minerals and diagenetic coatings ( Table 2 ). Element counts were converted into molar ratios by the intensity ratio method based on a series of matrix-matched standard solutions. The accuracy and precision of Mg/Ca ratios were confirmed by analyses of the CaCO 3 reference materials BAM RS3 and ECRM 752-1. The repeated analyses gave Mg/Ca ratios of 0.786 ± 0.008 (n = 100, 1σ, RSD = 1.0 %) and 3.92 ± 0.06 (n = 24, 1σ, RSD = 1.5 %), respectively, which were within the reported value for BAM RS3 (0.791 ± 0.03) and slightly higher than the reported value for ECRM 752-1 (3.824 ± 0.095) (Greaves et al. 2008) . Samples often show high Mn/Ca ratios (>100 μmol mol −1 ) due to the presence of diagenetic coatings that were not removed during the cleaning process. Such samples were rejected. To further minimize the impact of sample heterogeneity and the analytical error of metal/Ca ratios, we report replicate measurements of metal/Ca ratios on re-picked G. ruber shells (Table 2) .
Results and discussion δ 18 O sw -salinity relationship in the eastern ECS In early July, surface water samples showed the highest SSS (34.3) at site SSW17 in the Kuroshio water area and the lowest SSS (29.9) at YS1 in the Yellow Sea ( Fig. 2b and Table 1 ). The δ 18 O sw ranged from −0.81 to 0.21 ‰, and relatively low δ 18 O sw values were observed in the Yellow Sea, the ECS shelf, and the northern part of the Okinawa Trough (Fig. 2c) . Spatial distributions of salinity and δ 18 O sw values were almost similar to the summer (July-September) salinity distribution averaged statistically over 1955 -2012 (Zweng et al. 2013 (Fig. 2a) , suggesting that the CDW spread east-and northeastward in the southern Yellow Sea and the northern Okinawa Trough during the sampling period.
A temperature and salinity plot (T-S diagram) of the surface and subsurface waters (0-100 m) in the Yellow Sea and the ECS shows four typical water masses: (1) the Kuroshio surface water in the subtropical Pacific Ocean (e.g., SSW14-17), (2) the Kuroshio subsurface (Table 1 ). The black regression line is derived from the data in the Yellow Sea-ECS shelf and Kuroshio sites. Since the surface waters in the northern Okinawa Trough are a mixture of the CDW and Kuroshio surface water, δ 18 O sw and salinity data from northern Okinawa Trough sites fall on this regression line. Regression lines (dotted lines) and equations from the literature are also shown. Regression lines III, IV, and V were developed in mainly coastal and shelf waters near the Changjiang Estuary. Although these regression lines represent freshwater end-members that are similar to our regression line, the end-member of the seawater shows lower δ
18
O sw values than that of the Kuroshio surface water (34.2 and 0.13 ‰; water in the Okinawa Trough (identified by a salinity of~34.4 and a δ 18 O sw of 0.2-0.5 ‰) (Kang et al. 1994; Kim et al. 2005) , (3) the YSCCW (<10°C) in the bottom water (30 m) at YS3, and (4) the less saline CDW in the surface water at YS1 (Fig. 3) . The T-S diagram also shows that the majority of the shallow water data in the Okinawa Trough fall on the isopycnal mixing line connecting the CDW and Kuroshio surface water (Fig. 3) . Indeed, the δ 18 O sw values and salinity of the shallow seawater (0-100 m) are strongly correlated, indicating that the data can be explained by a binary mixing of freshwater and saline seawater (Fig. 4) .
To derive a local δ 18 O sw -salinity relationship around the northern Okinawa Trough, sampling sites were classified by geographic and oceanographic characteristics (Table 1) . Sites SSW14-17, which are outside the ECS and under the influence of the Kuroshio surface water, were defined as Kuroshio sites. Data from the Yellow Sea and the ECS were divided into three groups: Yellow Sea-ECS shelf sites at depths shallower than 150 m, Okinawa Trough sites deeper than 150 m, and off-Kyushu sites influenced by local freshwater inputs from Kyushu (Fig. 4 and Table 1 ). Given that the eastward-flowing CDW mixes with the warmer, more saline Kuroshio water near the shelf edge in the summer (Chang and Isobe 2003) , salinity and δ 18 O sw values in the Kuroshio surface water should reflect the endmember for saline water (Kang et al. 1994) . Therefore, 
The quoted errors of the slope and intercept are 95 % confidence intervals. This equation includes the surface (0-30 m water depth) and subsurface (40-100 m water depth) data. The surface data (0-30 m) alone result in the same equation within the 95 % confidence intervals of Eq. (1).
Equation (1) indicates a projected freshwater endmember of −7.74 ‰ (±0.4 ‰). This value is consistent with the δ 18 O values (−8.4 to −7.1 ‰) for Changjiang River water in January and July (Zhang et al. 1990 ). However, the regression lines of the δ 18 O sw -salinity relationships developed for the Changjiang River mouth and the western part of the ECS indicate lower δ 
O sw = 0.1-0.2 ‰), indicating that the Kuroshio surface water was not the source of saline water for these areas (Fig. 4) . Since these data were mainly from coastal and shelf waters near the Changjiang Estuary, the less saline, δ 18 O-depleted TWWC may be the dominant source of saline water rather than the Kuroshio water. Therefore, δ
O sw -salinity relationships in the coastal ECS are highly variable and differ from our equation.
Like our regression line, regression lines that pass through the saline Kuroshio surface water were derived for the ECS shelf covering a broad sampling area for June-July (line II of Fig. 4) (Du et al. 2012) , for the southern Yellow Sea in July (Kang et al. 1994) , and for the area from the ECS to off the southern Japan Islands (Oba 1990 The core-top δ 18 O c values for G. ruber ranged from −2.9 to −2.3 ‰ in the central to northern parts of the Okinawa Trough (Fig. 1 and Table 2 ). The lightest value was observed at HR2, the southernmost site, whereas the heaviest value was found at MT5 near the CDW advection area. Core-top Mg/Ca ratios of G. ruber ranged from 3.29 to 4.35 mmol mol −1 (Table 2 ). The Mg/Ca value at HR2 (4.09 mmol mol −1 , 1675 m water depth), which is the deepest site, was lower than that at the nearby shallower site St.1 (4.20 mmol mol −1 , 1153 m), even though HR2 had the lowest δ 18 O c value of G. ruber (−2.9 ‰) ( Table 2 ). Since site HR2 is below the CSH (~1600 m) (Fig. 6a) , the Mg/Ca ratio at HR2 seems to be lowered due to calcite dissolution (discussed below). Core-top Mg/Ca ratios, including the data from the literature (Sun et al. 2005; Lin et al. 2006; Chen et al. 2010; Kubota et al. 2010 ), tend to be higher in the southern sites (e.g., HR2 and St.1) and lower in the northern sites (HR11 and MT5) ( 
Calcification season and calcification temperature of G. ruber
The foraminifera shell Mg/Ca response to temperature is biologically modulated and dependent on pH and/or [CO 3 2− ] ( Lea et al. 1999; Russell et al. 2004) . Therefore, many species-and basin-specific Mg/Ca-temperature equations have been developed, some of which take into consideration the potential effect of dissolution (Lea et al. 2000; Dekens et al. 2002; Anand et al. 2003; McConnell and Thunell 2005) . There is, however, no equation for G. ruber in the ECS, and previous studies conducted in the ECS have converted Mg/Ca values of G. ruber to SST using a Mg/Ca-temperature calibration equation [T (°C) = ln(Mg/Ca/0.38)/0.089] developed for G. ruber based on the SCS core-top sediments by Hastings et al. (2001) (Sun et al. 2005; Lin et al. 2006; Chen et al. 2010; Kubota et al. 2010 
This δ 18 O c -temperature equation was determined from culturing experiments of a symbiont-bearing species, Orbulina universa, grown under high-light conditions (Bemis et al. 1998 ). The high-light conditions (>380 μEinstein m −2 s −1 ) in the culturing experiments take into consideration symbiont effects on shell δ 18 O c (i.e., high photosynthetic activity forms 18 O-depleted shells). The applicability of this equation to the surfacedwelling, symbiont-bearing species G. ruber has been confirmed (Bemis et al. 1998; Benway et al. 2006 ). Temperature and salinity data averaged statistically for 1930-2003 in a 1°× 1°(latitude × longitude) grid provided by JODC were used for the calculation. Salinity was converted to δ 18 O c values in the surface water for July-September. In contrast, the other sites (St.1, HR6, MT5, and HR11) were marked by isotopically heavier values than the peak summer δ 18 O c in the surface water, suggesting a large contribution of G. ruber shells formed in deeper waters (>50 m) or in surface water in May, June, and/or October (Fig. 5) . Since G. ruber (sensu stricto) lives predominantly in the top 20 m of the subtropical North Pacific (Kuroyanagi and Kawahata 2004) , calcification of shells in deeper water (>50 m) should be negligible. Furthermore, sediment trap data from the ECS, which unfortunately do not include data for September, show that the fluxes of G. ruber from May to October account for 80 % of the total fluxes each year and the fluxes in May alone account for 20 % of the yearly fluxes (Xu et al. 2005) . Based on these data, we regard the dominant habitat depth of G. ruber in the ECS as the top 0 to 30 m (mixed layer) and contend that the G. ruber shell geochemistry in the ECS records the weighted mean surface ocean conditions from May to October.
To calculate the calcification temperatures and salinity of the seawater in which G. ruber shells were formed, we computed seasonal average (May-October or July-September) δ 18 O c values and compared these predicted values to core-top δ 18 O c values ( Table 2 ). The calcification seasons and depths at HR2 and HR11 were identified as July-September and 0-10 m and JuneSeptember and 0-30 m, respectively. The δ 18 O c -derived SSTs at HR2 and HR11 were calculated as 28.5 and 25.3°C, respectively (Fig. 6 and Table 2 ). The calculated calcification SSTs at all sites ranged from 25.1 to 28.5°C in the central to northern Okinawa Trough (Table 2 ). It is noteworthy that the calcification season of G. ruber was not necessarily uniform across the ECS; data from sites HR2 and HR9 clearly show a warmer seasonal bias (close to the peak summer SST), in contrast to other site data ( Figs. 1 and 5) . The core-top δ 18 O c data shows that Eq. (2) provides better estimates for calcification depth, season, and temperature that agree with sediment trap and plankton tow data (Kuroyanagi and Kawahata 2004; Xu et al. 2005) .
Although we applied the δ 18 O c -temperature equation by Bemis et al. (1998) to the core-top data, there are other δ 18 O c -temperature relationships that yield various estimates for calcification temperature. For instance, δ 18 O c -temperature equations by Kim and O'Neil (1997) and Mulitza et al. (2003) yield an offset of approximately 1°C to the calcification temperatures calculated by Eq.
(2). If these equations are applied to our core-top data with the assumption of δ 18 O equilibrium, calcification temperatures at HR2 and HR9 will exceed the peak summer SST. Therefore, we should consider δ 18 O disequilibrium in foraminiferal calcite (i.e., vital effect) for at least these sites. However, since the vital effect for G. ruber has not been determined precisely (0 to −1.0 ‰) (Niebler et al. 1999) , applying these equations will introduce significant uncertainties in calcification temperature estimates.
Assessment of G. ruber Mg/Ca-derived temperatures
G. ruber is one of the species of planktonic foraminifera most susceptible to dissolution (Thunell and Honjo 1981) . Partial dissolution of G. ruber shells can decrease Mg/Ca ratios owing to the higher solubility of Mg-rich calcite (Dekens et al. 2002) . The ECS is the most undersaturated marginal sea with respect to calcite, and the CSH is shallow (~1600 m) (Fig. 6a) . In our dataset, site HR2 is below the CSH, and the published core-top data from site A7, MD012404 (hereafter 404), and MD012403 (hereafter 403) were also derived from bottom water conditions with low calcite saturation states of <5 μmol kg ) from an initial Δ[CO 3
2− ] of 14 μmol kg −1 (Johnstone et al. 2011 ). This finding is a cause for concern that ECS Mg/Ca data obtained under bottom water conditions with low Δ[CO 3
2− ] may be influenced by dissolution (Fig. 6a) .
Therefore, we assessed the impact of calcite dissolution on Mg/Ca ratios in the ECS by applying critical thresholds for the dissolution (14 μmol kg −1 Δ[CO 3 2− ]) and the sensitivity of the Mg/Ca ratio to Δ[CO 3
2− ] (0.05 mmol mol −1 per μmol −1 kg −1 ) (Johnstone et al. 2011) . We calculated Δ[CO 3
2− ] for the bottom waters at each core site and estimated the dissolution-corrected Mg/Ca ratios for all core sites (Table 2 ). Figure 6 shows a comparison of the δ 18 O c -derived SSTs with nondissolution-corrected and dissolution-corrected Mg/Caderived SSTs (Fig. 6b, c) . Both Mg/Ca ratios were converted to SSTs using the SCS calibration equation of Hastings et al. (2001) .
The shallowest site, HR9, where the Δ[CO 3 2− ] value is 12.9 μmol kg −1 , showed good agreement with the nondissolution-corrected Mg/Ca-and δ 18 O c -derived SSTs (Fig. 6b) . It is noteworthy that core-top data at depths ranging from 1000 to~1400 m (HR6, St.1, A7, 404, and 403) also showed agreement with the non-dissolutioncorrected Mg/Ca-and δ 18 O c -derived SSTs, even though the Δ[CO 3
2− ] values were lower than the critical threshold for dissolution (10-20 μmol kg −1 ) (Regenberg et al. 2009; Johnstone et al. 2011) (Fig. 6b) . The deepest site, HR2 (1675 m water depth), showed that the nondissolution-corrected Mg/Ca-derived SST underestimates the δ 18 O c -derived SST by 1.8°C (Fig. 6b) , and the dissolution-corrected Mg/Ca-derived SST agrees well with the δ 18 O c -derived SST (Fig. 6c) . However, this dissolution correction induced a larger offset to the δ 18 O cderived SSTs for other sites (1000 to~1400 m water depths) (Fig. 6c) .
The Mg/Ca-temperature calibration equation of Hastings et al. (2001) was developed for G. ruber from SCS core-top samples recovered from depths above 2000 m. As in the ECS, the deep waters in the SCS are characterized by low Δ[CO 3
2− ] with the CSH at a water depth of 2500 m (Regenberg et al. 2009 Thus, in this study, we integrated data of dissolutioncorrected (for HR2 from below the CSH) and nondissolution-corrected (for other cores above the CSH) Mg/Ca values to obtain Mg/Ca-derived SSTs (Fig. 6d) . Although HR11 and 403 are still offset from the δ 18 O c -derived SST by 1°C, the other core-top data showed good agreement with both SST estimates (r 2 = 0.83, p < 0.001, except HR11 and 403) (Fig. 6d) . This SCS calibration equation reconciles Mg/Ca-derived and δ
18
O c -derived SSTs in the ECS, both of which reflect SSTs in the warmer season months. However, other calibration equations (Lea et al. 2000; Anand et al. 2003; McConnell and Thunell 2005) O sw and the salinity, including the published data from KY, A7, 404, and 403 (Sun et al. 2005; Lin et al. 2006; Chen et al. 2010; Kubota et al. 2010) , are plotted in Fig. 7a . Since the estimation of the shell-derived δ (Fig. 7a) O sw values between the above two datasets (Fig. 7a) . The core-top δ
O sw values were roughly distributed as expected from the peak summer SSS at each site.
Although site MT5 is in an area with a lower summer SSS than that of site HR9, the shell-derived δ 18 O sw value at MT5 (0.17 ‰) was higher than that at HR9 (0.01 ‰) (Fig. 7a) . One potential explanation is that G. ruber shells at HR9 were formed in the surface waters during the peak summer season when SSS decreases distinctly, whereas G. ruber at MT5 was not abundant in the peak summer season, as inferred from the δ 18 O c data (Fig. 5 ). These data tell us that the difference of 0.16 ‰ in the shell-derived δ 18 O sw may be caused by changes in the seasonal habitat of G. ruber.
This core-top investigation shows that realistic δ 18 O sw values can be reconstructed by the Mg/Ca-temperature calibration of Hastings et al. (2001) . Lower values at HR2 and HR6 are within this range. Higher shell Ba/Ca ratios than this Kuroshio water range might be attributable to barite contamination or calcification in low saline, Ba-enriched CDW temperature equation of Bemis et al. (1998) O c and Mg/Ca analyses to decrease the large uncertainty. In addition, the utility of potential paleo-salinity proxies, such as the foraminiferal Ba/Ca ratio and the organic compound-specific δD, should be investigated further (Rohling 2007 (Lea and Spero 1994; Hönisch et al. 2011) . G. ruber populations can thrive in low-salinity surface water influenced by river discharge (Schmuker and Schiebel 2002; Arnold and Parker 2003) . This ecological preference of G. ruber and the incorporation of Ba into foraminifera shells makes Ba/Ca ratios in fossil G. ruber a proxy for the influence of river discharge on salinity (Weldeab et al. 2007; Schmidt and Lynch-Stieglitz 2011) .
In the case of the ECS, the Changjiang River accounts for approximately 90 % of the total river discharge into the ECS, with large quantities of Ba 2+ (~360 nmol L −1 ) (Beardsley et al. 1985; Qu et al. 1993; Yanagi 1994) . Based on our preliminary [Ba 2+ ] data in the ECS measured by an isotope dilution method (Klinkhammer and Chan 1990) , the surface water at SSW8 (30.80 salinity) showed a high [Ba 2+ ] of 57.0 nmol L −1 (Ba/Ca ratio of 6.31 μmol mol −1 ), and the Kuroshio surface water (SSW14-17, average 34.2) showed a low [Ba 2+ ] of 32.9 nmol L −1 (Ba/Ca of 3.27 μmol mol −1 ). The [Ba 2+ ] data for the Kuroshio water were consistent with previously reported data from Kuroshio waters (29.9-33.5 nmol L −1 ) (Sugiyama et al. 1984) . Other surface samples from the northern Okinawa Trough fall within these [Ba 2+ ] and Ba/Ca ranges, showing a linear relationship between Ba/Ca seawater and salinity (Horikawa et al., personal communication) .
Our Ba/Ca ratios in G. ruber (hereafter Ba/Ca G. ruber ) from core-top sediments ranged from 0.66 to 2.82 μmol mol −1 (Fig. 7b) . The lowest Ba/Ca value of 0.66 μmol mol −1 was observed at sites HR2 and HR6 in the central Okinawa Trough. Given the Ba/Ca seawater ratio of 3.27 μmol mol −1 in the Kuroshio surface water and the likely D Ba of 0.15-0.22 (Hall and Chan 2004; Hönisch et al. 2011) , the calculated shell Ba/Ca ratio in equilibrium with the Kuroshio water should be 0.5 to 0.72 μmol mol −1 . Indeed, HR2 and HR6 values were within the expected range for Kuroshio surface water. In contrast, HR11, where the lowest SSS among the studied sites was observed, had relatively higher Ba/Ca G. ruber ratios (0.80-0.89 μmol mol −1 ) (Fig. 7b) . Given the Ba/ Ca seawater ratio of 3.8 μmol mol −1 (at HR10, 0 m) and the D Ba of 0.15 to 0.22, the shell Ba/Ca ratio in equilibrium should be 0.57 to 0.84 μmol mol −1 . The core-top Ba/Ca G. ruber ratios observed at HR11 were consistent with the upper range of expected values, probably reflecting the influence of the Ba-enriched CDW (i.e., lowsalinity waters).
However, all core-top Ba/Ca G. ruber data at six sites do not show a significant relationship with the salinity, but replicate data at each site showed highly variable Ba/ Ca G. ruber ratios, some of which exceeded the values at site HR11 (Fig. 7b) . Although we are unable to adequately explain such highly variable Ba/Ca G. ruber ratios at this time, one likely reason is sample heterogeneity. In this study, to obtain averaged Ba/Ca G. ruber ratios for each site, we re-picked 20-30 shells of G. ruber more than twice after picking the samples labeled run #1 (Table 2) . Although the samples from run #1 gave reasonable Ba/Ca G. ruber ratios (0.66-0.89 μmol mol −1 ) at each site except HR6, the samples from runs #2 to #4 yielded anomalously high Ba/Ca G. ruber ratios compared with the samples from run #1. Given that there were few well-preserved, clean G. ruber tests for these sites and that replicate measurements of Mn/Ca and Mg/Ca ratios were within an acceptable range, we argue that samples from runs #2 to #4 may have involved impure G. ruber tests in which barite crystallized on fossil shell surfaces.
Finally, based on the available dataset of Ba/Ca seawater in the ECS, we propose that pristine Ba/Ca G. ruber ratios at northern Okinawa Trough sites would be less than 0.84 μmol mol −1 . A possible reason for higher core-top Ba/Ca G. ruber ratios (>0.84 μmol mol −1 ) is contamination by sedimentary barite adherent on fossil shells. Our preliminary data suggest that Ba/Ca G. ruber data as a paleosalinity proxy should be derived from well-preserved, clean G. ruber tests or diethylene triamine pentaacetic acid (DTPA)-cleaned G. ruber tests that can minimize the influence of barite contamination (Lea and Boyle 1991; Hall and Chan 2004) . Since the Ba/Ca G. ruber records from the northern Okinawa Trough sediments may potentially identify high river discharge events related to stronger EASMs, assessment of foraminiferal Ba/Ca should be continued in the ECS.
Conclusions
The main findings of this study are as follows:
